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Background and Purpose: There is growing interest in stem cell‐derived exosomes

for their therapeutic and regenerative benefits given their manufacturing and regula-

tory advantages over cell‐based therapies. As existing fibrosis impedes the viability

and efficacy of stem cell/exosome‐based strategies for treating chronic diseases, here

we tested the effects of the anti‐fibrotic drug, serelaxin, on the therapeutic efficacy

of human amnion epithelial cell (AEC)‐derived exosomes in experimental lung disease.

Experimental Approach: Female Balb/c mice were subjected to either the 9.5‐

week model of ovalbumin and naphthalene (OVA/NA)‐induced chronic allergic airway

disease (AAD) or 3‐week model of bleomycin (BLM)‐induced pulmonary fibrosis; then

administered increasing concentrations of AEC‐exosomes (5 μg or 25μg), with or

without serelaxin (0.5mg/kg/day) for 7‐days. 1x106 AECs co‐administered with

serelaxin over the corresponding time‐period were included for comparison in both

models, as was pirfenidone‐treatment of the BLM model. Control groups received

saline/corn oil or saline, respectively.

Key Results: Both experimental models presented with significant tissue inflamma-

tion, remodelling, fibrosis and airway/lung dysfunction at the time‐points studied.

While AEC‐exosome (5 μg or 25μg)‐administration alone demonstrated some benefits

in each model, serelaxin was required for AEC‐exosomes (25μg) to rapidly normalise

chronic AAD‐induced airway fibrosis and airway reactivity, and BLM‐induced lung

inflammation, epithelial damage and subepithelial/basement membrane fibrosis. Com-

bining serelaxin with AEC‐exosomes (25μg) also demonstrated broader protection

compared to co‐administration of serelaxin with 1x106 AECs or pirfenidone.

Conclusions and Implications: Serelaxin enhanced the therapeutic efficacy of

AEC‐exosomes in treating basement membrane‐induced fibrosis and related airway

dysfunction.
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What is already known

• Fibrosis impairs the viability and efficacy of exogenously

‐administered stem cells in chronic disease settings.

• Stem cell‐derived exosomes offer several manufacturing

and regulatory advantages as therapies over their

parental cells.

What this study adds

• The therapeutic effects of stem cell‐derived exosomes

can also be impaired by fibrosis.

• The anti‐fibrotic drug serelaxin enhances the therapeutic

efficacy of human amnion epithelial cell‐derived

exosomes.

What is the clinical significance

• The therapeutic benefits of amnion epithelial cell‐derived

exosomes can be augmented by reducing airway/lung

fibrosis.

• Amnion epithelial cell‐exosomes offer broader tissue

protection over cell therapy when fibrosis is reduced.
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1 | INTRODUCTION

Fibrosis (scar tissue accumulation) results from a failed wound healing

response to tissue injury, where extracellular matrix (ECM) synthesis is

ongoing and further exacerbates tissue damage in a self‐perpetuating

cycle (Eming, Wynn, & Martin, 2017; Wynn & Ramalingam, 2012). This

depends largely on the activation of ECM‐producing myofibroblasts

(activated fibroblasts), which in turn are influenced by several media-

tors, particularly transforming growth factor (TGF)‐β1 (Royce, Patel,

& Samuel, 2014). Additionally, newly‐secreted ECM components can

be remodelled and reorganised by several proteases (Afratis, Selman,

Pardo, & Sagi, 2018). An imbalance of ECM and in particular, collagen

synthesis over degradation accelerates fibrosis progression, which in

turn leads to significant tissue dysfunction and ultimately, organ

failure.

The rate and severity of fibrosis can also affect the efficacy of

various therapeutic strategies aimed at stopping or at least slowing

its progression. This is particularly evident for stem cell‐based thera-

pies, where the fibrosis associated with chronic organ disease has

been shown to hinder stem cell survival and accessibility to sites of

damage (Eun et al., 2011; Lu, Zhang, Ramires, & Sun, 2004). To over-

come these limitations, we recently utilised a bimodal ablation of

fibrosis associated with obstructed nephropathy (Huuskes et al.,

2015) or chronic allergic airway disease (AAD) (Royce et al., 2015,

2016) with an anti‐fibrotic, serelaxin, to create a more compatible

environment that would enhance the therapeutic viability and

function of exogenously administered human bone marrow‐derived

mesenchymal stem cells (MSCs) or human amnion epithelial cells

(AECs). Serelaxin (RLX) is the recombinantly‐produced form of the

major stored and circulating hormone (Samuel et al., 2017; Sarwar,

Du, Dschietzig, & Summers, 2017) and mediates its actions via its

cognate G protein‐coupled receptor, relaxin family peptide receptor

1 (RXFP1) (Bathgate et al., 2013). Serelaxin augmented the therapeu-

tic potential of RXFP1‐expressing MSCs (Huuskes et al., 2015; Royce

et al., 2015, 2016) or AECs (Royce et al., 2016) by not only creating

an improved environment in which these stem cells could survive

and function, but by also directly increasing their ability to proliferate

and migrate.

AECs contain a number of properties which make them suitable

candidates for treating fibrosis‐related disorders. They are non‐

immunogenic (Akle, Adinolfi, Welsh, Leibowitz, & McColl, 1981), can

be easily and ethically isolated by non‐invasive procedures from the

amnion sac of the mature placenta (Miki, Lehmann, Cai, Stolz, & Strom,

2005), can differentiate into all three germ layers (Miki et al., 2005)

and demonstrate anti‐inflammatory, anti‐fibrotic and tissue‐reparative

functions (Moodley et al., 2010). However, as like other stem cells, it is

possible that AECs mediate their therapeutic/reparative effects

through paracrine factors or vesicles known as exosomes (EXO), which

contain secreted bioactive substances such as proteins, mRNAs and

microRNAs (Tan et al., 2018). EXO mediate regenerative outcomes

in injury and disease that recapitulate observed bioactivity of stem cell

populations (Basu & Ludlow, 2016). Encapsulation of the active bio-

logical ingredients of regeneration within non‐living exosome carriers
may offer process, manufacturing and regulatory advantages over

stem cell‐based therapies; allowing for the transfer of proteins and

nucleic acids across cellular boundaries. Furthermore, AEC‐derived

EXO offer the therapeutic potential of several million AECs.

In this study, we determined how effective increasing concentra-

tions of AEC‐derived EXO (EXO; 5μg vs. 25μg) were in reversing oval-

bumin and naphthalene (OVA/NA)‐induced chronic AAD‐ and

bleomycin (BLM)‐induced interstitial and basement membrane (BM)/

subepithelial lung fibrosis. More importantly, we determined if the

anti‐fibrotic and organ‐protective effects of RLX (Samuel et al.,

2017; Sarwar et al., 2017) would enhance the therapeutic effects of

EXO in each model studied.
2 | METHODS

2.1 | Animals

Seven‐to‐eight week‐old female Balb/c wild‐type mice (RRID:

IMSR_JAX:000651; provided by Monash University Animal Services,

Clayton, Victoria, Australia) were allowed to acclimatize for at least

4‐to‐5 days prior to experimentation and were maintained on a 12 h

light:12 h dark cycle with free access to standard rodent chow

(Barastoc Stockfeeds, Pakenham, Victoria, Australia) and water.

Female Balb/c wild‐type mice have been shown to be more prone to

a Th2 response and undergo higher airway reactivity (in response to

allergens) compared with their male counterparts and other commonly

used murine strains (Kumar, Herbert, & Foster, 2008). All experiments

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5060
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described below were approved by Monash University'’s Animal

Ethics Committee, which adheres to the Australian Code of Practice

for the Care and Use of Laboratory Animals for Scientific Purposes.

Power calculations were performed to ensure that adequate group

sizes were used for the studies detailed below; where it was deter-

mined that with a 20% standard deviation, we would be 80% powered

to detect a 25‐27% effect with n=7‐8 animals per group.Animal stud-

ies are reported in compliance with the ARRIVE guidelines (Kilkenny,

Browne, Cuthill, Emerson, & Altman, 2010) and with the recommenda-

tions made by the British Journal of Pharmacology.
2.2 | Induction and treatment of chronic AAD
incorporating epithelial damage

Female Balb/c mice (n=8/group) sensitized with two i.p. injections of

10 μg grade V chicken egg OVA (Sigma‐Aldrich, St Louis, MO, USA)

and 1 mg aluminum potassium sulfate adjuvant (alum; AJAX

Chemicals, Kotara, NSW, Australia) in 0.5 ml of saline on Days 0 and

day 14. They were then subjected to nebulization (inhalation of an

aerosol) with 2.5% (w/v) OVA for 30 min, three times a week,

between Days 21 and 63, using an ultrasonic nebulizer (Omron NE‐

U07; Omron, Kyoto, Japan). The mice then received a single i.p. injec-

tion of the Clara cell‐specific cytotoxin, naphthalene (NA; 200 mg/kg

body weight; Sigma‐Aldrich) on Day‐64 (1‐day after the last OVA

nebulization period) and left for a further three days. A separate

subgroup of mice (n=8) subjected to i.p. injections of saline SAL on

Days‐0 and ‐14, nebulized saline SALinstead of OVA between Days‐

21 and 63, and an i.p. injection of corn oil (CO; the vehicle for NA)

were included as a control group.
2.3 | Induction of bleomycin (BLM)‐induced
pulmonary fibrosis

Female Balb/c mice (n=7/group) were intranasally (i.n)‐administered

bleomycin sulfate (Hospira Healthcare Corp., Melbourne, Victoria,

Australia; RRID:SCR_003985) on Days‐0 and ‐7 (0.15mg in 50μl of

saline SAL on each day) (Moodley et al., 2010), then left for a further

two weeks for lung inflammation and fibrosis to develop. Female

Balb/c mice were used for consistency (with that used in the chronic

AAD model), and although they are more resistant to BLM‐induced

injury compared to other strains of mice (Moeller, Ask, Warburton,

Gauldie, & Kolb, 2008), direct double‐hit administration of BLM to

the lungs of these mice was expected to provoke significant lung

inflammation, remodelling and fibrosis in these animals. Control mice

(n=7) were i.n‐administered 50μl of saline SAL on Days‐0 and ‐7,

and maintained until Day 21.
2.4 | Isolation and characterisation of AEC‐derived
exosomes (EXO)

AECs were isolated from placentae of women undergoing elective

caesarean section (at 38‐42 weeks of gestation) in accordance with
guidelines and approval from the Monash Health Human Research

Ethics Committee. AECs were isolated from several pooled amnions

and reconstituted overnight once thawed from being stored in liquid

nitrogen, as described before (Murphy et al., 2010, 2014). 1x106 AECs

were then resuspended in saline SALfor therapeutic administration as

detailed below. EXO were isolated from several pooled amnions and

characterised as described previously (Tan et al., 2018). EXO were

then dissolved in saline SAL for therapeutic administration as detailed

below. Proteomic pathway clustering analysis including proteins signif-

icantly enriched by EXO and RNA sequencing analysis of EXO were

recently reported (Tan et al., 2018).
2.5 | Treatment groups

On Day‐67 of the chronic AAD model (3 days post‐NA administration)

or Day‐21 of the BLM model, sub‐groups of mice received either i)

5 μg EXO alone (half the dose evaluated previously (Tan et al.,

2018)); ii) 5 μg EXO+RLX (0.5mg/kg/day; a dose that has previously

been used to demonstrate its anti‐fibrotic efficacy) (Huuskes et al.,

2015; Royce et al., 2015, 2016); iii) 25 μg EXO alone (a 5‐fold increase

of the 5 μg dose; to determine the dose‐dependent effects of EXO);

iv) 25 μg EXO+ RLX; or v) 1x106 AECs+ RLX (Royce et al., 2016).

EXO or AECs were i.n‐instilled into mice, while RLX was subcutane-

ously administered via osmotic mini‐pumps (Model 1007D, Alzet,

Cupertino, CA, USA). All treatments were maintained for 7‐day period.

As the effects of RLX alone were previously evaluated in the chronic

AAD model over the same time‐period (Patel, Giraud, Samuel, &

Royce, 2016), the data previously obtained (from n=8 mice) has been

included to provide comparisons to the combination treatment groups

evaluated in the current study. Additionally, the effects of vi) the

TGF‐β1 blocker, Pirfenidone (100mg/kg/day; administered twice daily

by oral gavage over a 7‐day period) (Oku et al., 2008) were also eval-

uated in the BLM model.
2.6 | Airway and lung function evaluation

On Day‐75 of the chronic AAD model and Day‐29 of the BLM model

(24 hours after the 7 day‐treatment period in each case), mice were

evaluated by plethysmography for changes in airway hyperres-

ponsiveness (AHR) (Royce et al., 2015, 2016) or dynamic lung compli-

ance (Patel et al., 2016), respectively; in response to increasing

concentrations of ‐induced airway bronchoconstriction. Mice were

briefly anesthetized with an i.p. injection of ketamine (100 mg/kg

body weight) and xylazine (20 mg/kg body weight), tracheostomized

and cannulated. Increasing doses of methacholine (0‐50mg/ml) were

nebulized and AHR was measured (Biosystem XA version 2.7.9,

Buxco Electronics, Troy, NY, USA) for 2 min after each dose. For

the BLM model, results were expressed as the percentage change

in dynamic compliance after each dose of methacholine from baseline

compliance.
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2.7 | Tissue collection

Once airway reactivity measurements were completed, mice were

culled with an overdose of anesthetic containing ketamine and

xylazine, before their lung tissue isolated. The lungs of each animal

were then divided along the transverse plane, resulting in four

separate lobes. In each case, the largest lung lobe was fixed in 10%

neutral buffered formalin overnight and processed to be cut and

embedded in paraffin wax. The remaining lobes were separately

snap‐frozen in liquid nitrogen and eventually stored at ‐80 0C for

various other assays.
2.8 | Tissue histopathology and
immunohistochemistry

The antibody‐based procedures used in this study comply with the

recommendations made by the British Journal of Pharmacology. Serial

paraffin‐embedded lung sections (3 μm thickness) were placed on

charged Mikro Glass slides (Grale Scientific, Ringwood, Victoria,

Australia) and subjected to Mayer's haematoxylin and eosin (Amber

Scientific, Midvale, Western Australia, Australia; H&E), Masson's

trichrome, or Alcian blue periodic acid Schiff (ABPAS) staining for

assessment of airway/lung inflammation, epithelial thickness and

subepithelial collagen deposition, and goblet cell metaplasia

respectively (Royce et al., 2015, 2016). Separate slides were

immunohistochemically stained for airway/lung TGF‐β1 (using a poly-

clonal antibody; sc‐146; Santa Cruz Biotechnology, Santa Cruz, CA,

USA; 1:1,000 dilution), airway/lung α‐smooth muscle actin (a marker

of myofibroblast differentiation; using a monoclonal antibody;

M0851; DAKO Antibodies, Glostrup, Denmark; 1:200 dilution), or

airway/lung thymic stromal lymphopoietin (TSLP; a marker of

epithelial damage; using a polyclonal antibody; ABT330; EMD

Millipore Corp′. Temecula, CA, USA; 1:1,000 dilution). Detection of

antibody staining was completed using the DAKO EnVision anti‐

mouse (K4001) or anti‐rabbit (K4003; RRID:AB_2630375) kits,

respectively, and 3,3‐diaminobenzidine (Sigma‐Aldrich), where sec-

tions were counterstained with haematoxylin. Images of five bronchi

(measuring 150‐ 350‐μm luminal diameter) per section were obtained

and quantified by morphometry, as described below. All slides were

then scanned at the maximum magnification available (40×) and stored

as digital high resolution images on a local server associated with the

instrument. Digital slides were viewed and morphometrically analysed

with the Aperio ImageScope v.12.1.0.5029 software (Leica

Biosystems, Nussloch, Germany
2.9 | Morphometric analysis

Representative photomicrographs from H&E‐, Masson's trichrome‐,

and ABPAS‐stained slides, as well as immunohistochemically stained

slides, were captured from scanned images using ScanScope AT Turbo

(Aperio, CA, USA). Five stained airways were randomly selected from

across the tissue sample. Histological grading of inflammation severity
from 0 to 4 was assigned to every slide, as described previously

(Royce, Moodley, & Samuel, 2014; 0 = no detectable inflammation;

1 = occasional inflammatory cell aggregates, pooled size <0.1 mm2;

2 = some inflammatory cell aggregates, pooled size ~0.2 mm2;

3 = widespread inflammatory cell aggregates, pooled size ~0.3 mm2;

and 4 = widespread and massive inflammatory cell aggregates, pooled

size ~0.6 mm2), and was performed blinded by the investigator. High‐

power H&E‐stained slides (from the BLM model) were also used to

evaluate neutrophil and macrophage counts from five fields per sec-

tion, respectively, as identified previously (Molnar & Gain, 2012)

and expressed as the relative cell counts to that in the untreated con-

trol groups, which was expressed as 1 in each case. Neutrophils (poly-

morphonuclear leukocytes) were identified by their segmented multi‐

lobulated nuclei, and macrophages were identified by their cytological

features of larger size and paler more spherical nucleus and larger

cytoplasm. Masson's trichrome‐stained slides were analysed by mea-

suring the thickness of the epithelial and subepithelial layers and

expressing values as μm2·mm−1 BM length. ABPAS‐stained slides

were analysed by counting the number of stained goblet cells, which

were expressed as the number of goblet cells per 100‐μm BM length.

α‐Smooth muscle actin‐ and TSLP‐ positively stained cells located

within the subepithelial or interstitial and epithelial regions,

respectively, of the airway were counted and expressed as number

of positively stained cells per 100‐μm BM length. Interstitial

TGF‐β1 staining was quantified by measuring the levels of

strong positively stained areas within the epithelial and interstitial

regions, respectively; and expressing the data as the % epithelial

TGF‐β1 staining/field or relative % interstitial TGF‐β1 staining/field

compared to that in the untreated control group, which was

expressed as 1.
2.10 | Hydroxyproline assay

The second largest lung lobe from each mouse was processed as

described before (Royce et al., 2015, 2016) for the measurement of

hydroxyproline content, which was determined from a standard curve

of purified trans‐4‐hydroxy‐L‐proline (Sigma‐Aldrich). Hydroxyproline

values were multiplied by a factor of 6.94 (based on hydroxyproline

representing ~14.4% of the amino‐acid composition of collagen in

most mammalian tissues; Gallop & Paz, 1975) to extrapolate total col-

lagen content, which in turn was divided by the dry weight of each

corresponding tissue to yield percent collagen concentration.
2.11 | Data and statistical analysis

The data and statistical analysis in this study comply with the recom-

mendations of the British Journal of Pharmacology on experimental

design and analysis in pharmacology. All statistical analyses were per-

formed using GraphPad Prism v7.0 (GraphPad Software Inc., CA, USA;

RRID:SCR_002798) and expressed as the mean ± SEM. AHR results

were analysed by a two‐way ANOVA with Bonferroni post hoc test.

The remaining data were analysed via a one‐way ANOVA with

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5083


FIGURE 1 The effects of exosomes (EXO) on chronic AAD‐induced airway inflammation and fibrosis in the absence or presence of serelaxin.

Representative images of H&E‐stained lung sections from mice subjected to OVA/ naphthalene (OVA/NA)‐induced chronic AAD and the
various treatment strategies investigated (a) demonstrate the extent of inflammatory cell infiltration within the bronchial wall. Scale bar = 50 μm.
Representative images of Masson's trichrome‐stained lung sections from mice subjected to OVA/ naphthalene‐induced chronic AAD and the
various treatment investigated (c) demonstrate the extent of airway epithelial thickening and subepithelial ECM/collagen deposition around the
airways. Scale bar = 50 μm. In each case, the effects of serelaxin (RLX) alone (previously evaluated in this model over the same time period; Patel
et al., 2016) have been included to provide comparisons to the combination treatment groups evaluated in the current study. Also shown is the
OVA‐NA‐induced peribronchial inflammation score, as means ± SEM (b) from five airways per mouse—where sections were scored based on the
number and distribution of inflammatory cell aggregates on a scale of 0 (no visible inflammation) to 4 (severe inflammation); airway epithelial
thickness (d); subepithelial ECM thickness (e); and total collagen concentration (f) from five airways per mouse; n = 8 animals per group. *P < 0.05,
significantly different from the uninjured control group (SAL/CO); #P < 0.05, significantly different from the OVA/NA‐treated group; ¶P < 0.05,
significantly different from the OVA/NA + 5‐μg EXO group; †P < 0.05, significantly different from the OVA/NA + 25‐μg EXO‐treated group;
+P < 0.05 significantly different from the OVA/NA + AEC + RLX‐treated group; §P < 0.05 significantly different from the OVA/NA + RLX‐treated
group. EXO, exosomes

ROYCE ET AL. 2199BJP
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Neuman–Keuls post hoc test for multiple comparisons between

groups. In each case, differences between means were significant

when P < 0.05.
2.12 | Materials

Bleomycin was supplied by Hospira Healthcare Corp., (Melbourne,

Victoria, Australia); methacholine by Sigma Aldrich (St Louis, MO,

USA); pirfenidone by In VitroTechnologies, (Noble Park, Victoria, Aus-

tralia) and serelaxin by Corthera Inc (San Mateo, CA, USA)
2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in
FIGURE 2 The effects of exosomes (EXO) on BLM‐induced lung inflamm
stained lung sections from mice subjected to BLM‐induced pulmonary fibr
the extent of interstitial lung inflammation. Scale bar = 80 μm. Also shown
neutrophil counts (c), and macrophage counts (d) from 5 to 6 fields per mo
from the control group (SAL); #P < 0.05, significantly different from the BL
BLM + 5‐μg EXO‐treated group; †P < 0.05, significantly different from theB
the BLM + RLX‐treated group
the Concise Guide to PHARMACOLOGY 2017/18 (Alexander,

Christopoulos et al., 2017; Alexander, Fabbro et al., 2017a, b).
3 | RESULTS

3.1 | Serelaxin may augment the anti‐inflammatory
effects of AEC‐exosomes

At the designated time point of each model studied, OVA/NA‐induced

peribronchial airway inflammation (Figure 1a,b) and BLM‐induced

interstitial lung inflammation (Figure 2a–d) were significantly

increased by ~2.5‐ to 14‐fold, compared to corresponding measure-

ments obtained from uninjured, control groups. In the BLM model,

the elevated lung inflammation was associated with significantly

increased neutrophil (Figure 2c) and macrophage (Figure 2d) infiltra-

tion, in the absence of any changes in animal body weight or mortality.
ation, with or without serelaxin (RLX). Representative images of H&E‐
osis and the various treatment strategies investigated (a) demonstrate
is the mean ± SEM BLM‐induced interstitial inflammation score (b),
use section; n = 7 animals per group. *P < 0.05, significantly different
M‐treated injured group; ¶P < 0.05, significantly different from the
LM + 25‐μg EXO‐treated group; §P < 0.05, significantly different from

http://www.guidetopharmacology.org/
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Exosomes alone (5 or 25 μg) were able to partly (by ~35–56%), but

not fully, reduce the extent of the general inflammation measured

by 7‐day post‐administration. While the anti‐inflammatory effects of

exosomes were dose‐dependent in the chronic AAD model

(Figure 1a,b) with 25‐μg exosomes reducing airway inflammation to

a greater extent than 5‐μg exosomes, the effects of exosomes against

BLM‐induced interstitial lung inflammation were not dose‐dependent

(Figure 2a–d).

Noticeably, some anti‐inflammatory effects of 5‐μg exosomes

were augmented in the presence of serelaxin. Although serelaxin alone

did not affect OVA/NA‐induced airway inflammation (Figure 1a,b), it

did enhance the anti‐inflammatory (Figure 1b) and neutrophil‐

inhibitory (Figure 2c) effects of 5‐μg exosomes in the chronic AAD

and BLM models respectively. Combining serelaxin with 25‐μg

exosomes also appeared to optimally reduce OVA/NA‐induced airway

inflammation (Figure 1b) and BLM‐induced interstitial lung inflamma-

tion (Figure 2b) by ~60–100% and induce a trend towards reducing

these parameters over the effects of 25‐μg exosomes alone, although

the combined effects of serelaxin and 25‐μg exosomes were not sta-

tistically different to that of 25‐μg exosomes alone. Of note, co‐

administration of 25‐μg exosomes and serelaxin reduced BLM‐
FIGURE 3 The effects of exosomes (EXO) on BLM‐induced lung fibros
Masson's trichrome‐stained lung sections from mice subjected to BLM‐ind
demonstrate the extent of interstitial (a) and subepithelial ECM/collagen d
shown is the mean ± SEM BLM‐induced interstitial (b) and subepithelial (d)
per group. *P < 0.05, significantly different from the control group (SAL); #
¶P < 0.05, significantly different from the BLM + 5‐μg EXO‐treated group
group; ¥P < 0.05, significantly different from the BLM + Pirfenidone‐treate
induced inflammation to levels that were no longer different from that

in SAL‐treated controls. Furthermore, the combined effects of 25‐μg

exosomes and serelaxin significantly reduced OVA/NA‐induced air-

way inflammation (Figure 1b) and BLM‐induced interstitial lung

inflammation (Figure 2b), neutrophil infiltration (Figure 2c), and macro-

phage infiltration (Figure 2d) to a significantly greater extent than

1 × 106 AECs co‐administered with serelaxin. Additionally, the com-

bined effects of 25‐μg exosomes and serelaxin significantly reduced

BLM‐induced neutrophil infiltration to a significantly greater extent

than pirfenidone (Figure 2c), which only partially reduced overall lung

inflammation by 55–60% (Figure 2b), but had similar effects to that of

pirfenidone in reducing macrophage infiltration (Figure 2d).
3.2 | Serelaxin enhances the anti‐fibrotic effects of
exosomes

OVA/NA‐induced airway epithelial thickness (Figure 1c,d),

subepithelial ECM thickness (Figure 1e) and total lung collagen con-

centration (Figure 1f); and BLM‐induced interstitial lung fibrosis

(Figure 3a,b) and subepithelial ECM thickness (Figure 3c,d) were all
is in the absence or presence of serelaxin. Representative images of
uced pulmonary fibrosis and the various treatment investigated
eposition around the airways (c). Scale bar = 50 μm in each case. Also
ECM/collagen deposition from 5 to 6 fields per section; n = 7 animals
P < 0.05, significantly different from the BLM‐treated injured group;
; †P < 0.05, significantly different from the BLM + 25‐μg EXO‐treated
d group



FIGURE 4 The effects of exosomes (EXO) on chronic AAD‐induced airway remodelling in the absence or presence of serelaxin (RLX).
Representative images of ABPAS‐stained lung sections from mice subjected to OVA/NA‐induced chronic AAD and the various treatment
investigated (a) demonstrate the extent of goblet cell metaplasia within the airways. Scale bar = 100 μm. Representative images of
immunohistochemically stained lung sections from mice subjected to OVA/NA‐induced chronic AAD and the various treatment investigated show
the extent of TSLP‐associated epithelial damage (c); epithelial TGF‐β1 expression (e); and subepithelial myofibroblast accumulation (g). Scale bar =
50 μm (c, e, g). In each case, the effects of serelaxin alone (previously evaluated in this model over the same time period; Patel et al., 2016) have
been included to provide comparisons to the combination treatment groups evaluated in the current study. Also shown is the mean ± SEM number
of goblet cells per 100‐μm BM length, as mean ± SEM, induced by OVA/NA (b); number of TSLP‐stained cells per 100‐μm BM length (d); %
epithelial TGF‐β1 expression levels per field (f); and number of subepithelial myofibroblasts per 100‐μm BM length (h) from five airways per
mouse; n = 8 animals per group. *P < 0.05, significantly different from the control group (SAL/CO); #P < 0.05, significantly different from the OVA/
NA group; ¶P < 0.05, significantly different from the OVA/NA + 5‐μg EXO‐treated group; †P < 0.05, significantly different from the OVA/NA +
25‐μg EXO‐treated group; +P < 0.05, significantly different from the OVA/NA + AEC + RLX‐treated group; §P < 0.05, significantly different from
the OVA/NA + RLX‐treated group
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significantly increased by ~0.3‐ to 1.85‐fold at the time points mea-

sured. While exosomes alone (5 or 25 μg) was able to normalize

chronic AAD‐induced airway epithelial thickness (Figure 1d) and

BLM‐induced interstitial lung fibrosis (Figure 3b) by 7 days post‐

administration, they only partly reduced (by ~25–60%) OVA/NA‐

(Figure 1e) and BLM‐induced (Figure 3d) subepithelial ECM thickness

and OVA/NA‐induced total lung collagen concentration (Figure 1f)

over the same time period. Once again, concentration‐dependent

effects of exosomes were observed in the chronic AAD model but

not in the BLM model.

Strikingly, the combined effects of serelaxin and 25‐μg exosomes

normalized OVA/NA‐induced subepithelial ECM thickness (Figure 1e),

total lung collagen concentration (Figure 1f), and BLM‐induced

subepithelial ECM thickness (Figure 3d), suggesting that this

combination strategy offered broader anti‐fibrotic effects over that

of exosomes alone. Combining serelaxin with 1 × 106 AECs offered

equivalent anti‐fibrotic effects to that of combining serelaxin and

25‐μg exosomes against airway/lung fibrosis (Figure 4c,d,f,h).

Additionally, while pirfenidone offered similar protection, to the

combined effects of serelaxin and 25‐μg exosomes, against BLM‐

induced interstitial lung fibrosis (Figure 3b), it did not demonstrate

any effects against BLM‐induced subepithelial ECM thickness/fibrosis

(Figure 3d).

3.3 | Serelaxin augments the anti‐remodelling
effects of exosomes

Exosomes alone (at 5 or 25 μg) did not affect OVA/NA‐induced goblet

cell metaplasia (Figure 4a,b), but dose‐dependently and partly reduced

airway TSLP‐associated epithelial damage (Figure 4c,d), epithelial

TGF‐β1 expression (Figure 4e,f), and subepithelial myofibroblast accu-

mulation (Figure 4g,h) in the setting of chronic AAD. Additionally,

25‐μg exosomes alone reduced airway epithelial TGF‐β1 expression
FIGURE 5 The effects of exosomes (EXO)
on chronic AAD‐induced airway reactivity in
the absence or presence of serelaxin (RLX).
Shown is the SAL/CO versus OVA/NA‐
induced airway resistance change from
baseline (cmH2O ml–1·s−1) and from each of
the treatment groups investigated against

OVA/NA‐induced chronic AAD, in response
to increasing concentrations of the
bronchoconstrictor, methacholine; mean ±
SEM from n = 8 mice per group. *P < 0.05,
significantly different from the control group
(SAL/CO); #P < 0.05, significantly different
from the OVA/NA group; ¶P < 0.05,
significantly different from the OVA/NA +
5‐μg EXO‐treated group; †P < 0.05,
significantly different from the OVA/NA +
25‐μg EXO‐treated group; §P < 0.05
significantly different from the OVA/NA +
RLX‐treated group
(by ~80%; Figure 5f) and normalized airway epithelial damage

(Figure 5d) and subepithelial myofibroblast accumulation (Figure 5f);

25‐μg exosomes, but not 5‐μg exosomes , also partly (by ~26%)

reduced BLM‐induced epithelial damage (Figure 6a,b); while neither

dose of exosomes affected BLM‐induced interstitial TGF‐β1 expres-

sion levels (Figure 6c,d). On the other hand, both doses of exosomes

reduced BLM‐induced myofibroblast accumulation, by 30–38%

(Figure 6e,f).

The presence of serelaxin was able to augment the ability of 5‐μg

exosomes to reduce chronic AAD‐induced goblet cell metaplasia (by

~32%; Figure 4b), epithelial TGF‐β1 expression (by ~80%; Figure 4f),

and subepithelial myofibroblast differentiation (by ~77%; Figure 4h)

and reduce BLM‐induced lung epithelial damage (by ~27%; Figure 6b)

and interstitial TGF‐β1 expression (by 70–75%; Figure 6d) over as little

as a 7‐day treatment period. Combining serelaxin with 25‐μg

exosomes further reduced chronic AAD‐induced goblet cell metaplasia

(by ~52%; Figure 4b) and BLM‐induced epithelial damage and intersti-

tial TGF‐β1 expression (by 70–75%; Figure 6b,d) as well as interstitial

myofibroblast accumulation (by ~60%; Figure 6f). Notably, the com-

bined effects of serelaxin and 25‐μg exosomes also normalized chronic

AAD‐ (Figure 4d) and BLM‐induced (Figure 6d) airway/lung epithelial

damage but otherwise maintained the anti‐remodelling effects of

25‐μg exosomes on airway epithelial TGF‐β1 expression (Figure 4f)

and myofibroblast accumulation (Figure 4h). Combining serelaxin with

25‐μg exosomes had a greater effect in reducing the chronic AAD‐

induced remodelling parameters measured compared to the effects

of serelaxin alone or the combined effects of serelaxin and 1 × 106

AECs (Figure 4); and had a greater ability to reduce BLM‐induced lung

remodelling (Figure 6) compared to the combined effects of serelaxin

and 1 × 106 AECs or pirfenidone. Interestingly, our data suggested that

pirfenidone most likely exerted its effects post‐BLM‐induced injury by

inhibiting TGF‐β1 signal transduction and activity rather than altering

TGF‐β1 expression levels (Figure 6d) per se.



FIGURE 6 The effects of exosomes on BLM‐induced lung remodelling in the absence or presence of serelaxin (RLX). Representative images of
TSLP (a), TGF‐β1 (c), and α‐SMA (e)‐stained lung sections from mice subjected to BLM‐induced pulmonary fibrosis and the various treatment
investigated demonstrate the extent of airway epithelial damage (a), interstitial TGF‐β1 expression levels (c), and interstitial myofibroblast
accumulation (e) within the lung. Scale bar = 50 μm in each case. Also shown is the mean ± SEM BLM‐induced number of TSLP‐stained cells per
100‐μm BM length (b); relative interstitial TGF‐β1 staining/field (d); and % interstitial myofibroblast staining/field (f) from 5 to 6 fields/mouse
section; n = 7 animals/group. *P < 0.05 versus SAL‐treated uninjured control group; #P < 0.05 versus BLM‐treated injured group; ¶P < 0.05 versus
BLM + 5‐μg EXO‐treated group; †P < 0.05 versus BLM + 25‐μg EXO‐treated group; +P < 0.05 versus BLM + AEC + RLX‐treated group; ¥P < 0.05
versus BLM + Pirfenidone‐treated group
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3.4 | Serelaxin augments the ability of exosomes to
reduce airway reactivity

Plethysmography was used to measure OVA/NA‐induced AHR

(Figure 5) and BLM‐induced dynamic lung compliance (Figure 7)
respectively. Mice subjected to OVA/NA had significantly increased

AHR compared to that measured from healthy controls (Figure 5). This

was unaffected by 5‐μg exosomes alone but was partially (by ~50%)

and significantly reduced by 25‐μg exosomes alone, serelaxin alone,

or AEC + serelaxin. Strikingly, the presence of serelaxin enhanced the



FIGURE 7 The effects of exosomes on BLM‐induced dynamic lung
compliance in the absence or presence of serelaxin. Shown is the
relative mean ± SEM dynamic lung compliance from control (saline),
BLM‐injured mice and from the various treatment groups investigated
against BLM‐induced pulmonary fibrosis, in response to the highest
dose of methacholine evaluated (50 mg·ml−1). *P < 0.05, significantly
different from the control group (SAL) ; #P < 0.05, significantly
different from the BLM‐treated group
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ability to 5‐μg exosomes to reduce AHR by ~70% and the ability of

25‐μg exosomes to reduce AHR to levels that were no longer

different to that measured from SAL/CO control mice (Figure 5).

Mice subjected to BLM had a significant decrease (~25%) in

dynamic lung compliance compared to that measured from controls

(Figure 7). This was restored by all treatments investigated (Figure 7).
4 | DISCUSSION AND CONCLUSIONS

Several key findings were obtained from this study, which investigated

the therapeutic potential of exosomes as a treatment for fibrotic lung

disorders, with or without an anti‐fibrotic agent, serelaxin. First, like

their parental AECs (Royce et al., 2016; Tan et al., 2018), exosomes

alone for the most part demonstrated partial anti‐inflammatory, anti‐

remodelling, and anti‐fibrotic protection against chronic AAD‐ and

established BLM‐induced lung injury/damage. As fibrosis can act as a

barrier to stem cell survival, viability, migration, and integration with

resident tissue cells (Eun et al., 2011; Lu et al., 2004), it is likely that

established scar tissue can also impede the therapeutic effects of

exosomes that are secreted by AECs. Interestingly, dose‐dependent

therapeutic effects of exosomes were observed in the model of

OVA/NA‐induced chronic AAD, but not in the model of BLM‐induced

pulmonary fibrosis (Tan et al., 2018), suggesting that administering

increased doses of exosomes will not always provide added therapeutic

benefits over that of lower doses. Although the distribution and thera-

peutic efficacy of injected exosomes within the animal body can vary
depending on their route of administration, on the cell type involved

and the labelling system used (Wiklander et al., 2015), and it was

unclear how many vesicles were present in the airways/lung post‐

administration until the time of tissue collection, our previous biolumi-

nescence imaging studies demonstrated that intranasal administration

of stem cells (that was used to administer AECs or exosomes into the

lungs of OVA/NA‐ and BLM‐injured mice in this study) delivered them

directly into the lungs of mice (Royce et al., 2015). Therefore, it is more

likely that the fibrosis associated with established organ injury, rather

than the dose of exosomes administered or their ability to be delivered

to the airways/lung, affected their therapeutic potential.

Second, this study demonstrated for the first time that co‐

administration of an anti‐fibrotic and organ‐protective drug,

serelaxin (Bathgate et al., 2013; Samuel et al., 2017; Sarwar et al.,

2017) was able to enhance some of the therapeutic effects of the

exosomes. Combining exosomes with serelaxin resulted in greater

anti‐inflammatory, anti‐remodelling, and anti‐fibrotic effects, com-

pared with either treatment alone and resulted in the normalization

of OVA/NA‐induced airway epithelial thickness and damage,

subepithelial and total collagen deposition (fibrosis), myofibroblast dif-

ferentiation and AHR; and BLM‐induced lung inflammation, epithelial

damage, interstitial TGF‐β1 expression, interstitial and subepithelial

fibrosis, and dynamic compliance, after as little as a 7‐day treatment

period. Combining serelaxin with exosomes also rapidly reversed

airway/lung epithelial thickness, damage and related fibrosis as well

as lung dysfunction to an equivalent extent as the combined effects

of serelaxin and 1 × 106 AECs, but more effectively reduced organ

inflammation, several aspects of airway/lung remodelling and AHR

compared to the combined effects of serelaxin and AECs; suggesting

that co‐administration of serelaxin and exosomes offered some level

of improved tissue protection over that of combining serelaxin with

AECs. Although the synergistic effects of serelaxin were less pro-

nounced in the presence of the higher dose of exosomes (25 μg)

used, most likely due to the improved or trend towards improved

airway/lung protection offered by 25‐μg exosomes over the 5‐μg

dose, the current study also confirmed that serelaxin pretreatment

was not required to enhance the effects of exosomes.

These findings may be explained by a number of advantages to the

use of exosomes as therapeutic agents. As exosomes are non‐living

entities, they can be frozen and thawed for immediate use, whereas

AECs cannot be stored at −80°C for long periods and when thawed

may be subject to the toxic effects of DMSO and several hours of prep-

aration for therapeutic application (Murphy et al., 2014). In this study,

the therapeutic effects of approximately 2.5 and 12.5millionAECswere

administered in the form of 5 and 25 μg of exosomes, respectively,

whereas only 1–2 million AECs can physically be administered to mice

in a single dose. Therefore, the findings presented could simply be the

result of the greater therapeutic effects of the exosomes administered

(over that of the 1millionAECs thatwere used for comparison) and then

combinedwith serelaxin. Combining exosomeswith serelaxin could also

have promoted synergistic actions through the activation of overlap-

ping and distinct pathways. Serelaxin can inhibit the contribution of lung

inflammation on fibrosis by reducing the infiltration and activation of
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mast cells (Bani, Ballati, Masini, Bigazzi, & Sacchi, 1997), leukocytes

(Bani et al., 1997; Pini, Boccalini, Lucarini, et al., 2016), and neutrophils

(Masini et al., 2004) and suppressing the pro‐inflammatory and pro‐

fibrotic actions of TGF‐β1 (Royce, Lim, et al., 2014; Unemori et al.,

1996), TNF‐α, IL‐1β, and/or IL‐18 (Brecht, Bartsch, Baumann, Stangl,

& Dschietzig, 2011; Pini, Boccalini, Baccari, et al., 2016). Furthermore,

serelaxin inhibits fibrosis by preventing fibroblast proliferation and dif-

ferentiation into myofibroblasts as a means of limiting myofibroblast‐

mediated ECM deposition (Huuskes et al., 2015; Royce et al., 2015,

2016).

On the other hand, exosomes have been implicated in regulating

cytokine signalling associated with the innate immune system, toll‐like

receptor signalling, TGF‐β1‐induced TNF receptor associated factor‐6

andMAPK activity, and cell junction signalling (Tan et al., 2018). In par-

ticular, exosomes were found to reduce BLM‐induced expression of

bone morphogenic protein 4 (a member of the TGF‐β superfamily)

and lymphoid enhancer binding factor 1 (which is involved in TGF‐β1/

Wnt signalling; Tan et al., 2018). Exosomes also inhibited the migration

and proliferation of fibroblasts and ECM deposition (Zhao et al., 2017).

Additionally, exosomes contain microRNAs (such as miR‐23a and miR‐

150) that can inhibit fibrosis (Tan et al., 2018). For example, studies con-

ducted in mice have shown that over‐expression of miR‐23a in con-

junction with miR‐27a inhibited diabetes‐induced TGF‐β1 signal

transduction, myofibroblast differentiation, and related renal fibrosis

(Zhang et al., 2018), while over‐expression of miR‐150 could inhibit car-

diac fibroblast activation (into myofibroblasts) and related fibrosis

(Deng et al., 2016).

Third, this study demonstrated that while exosomes alone were

more effective in reducing interstitial (collagen I‐related) lung fibrosis

(Figure 4f), serelaxin administration was required to augment the

effects of exosomes in also reducing BM/collagen IV‐related fibrosis

(Glasser et al., 2016); providing a net effect of more effectively reducing

total collagen deposition and fibrosis. Interestingly, combining 25‐μg

exosomes with serelaxin had a doubling effect over that of 25‐μg

exosomes alone in reducing and normalizing OVA‐NA‐induced

BM/subepithelial fibrosis (Figure 1e) and total lung concentration

(Figure 1f), as well as BLM‐induced BM/subepithelial fibrosis

(Figure 3d). These findings suggest that serelaxin can enhance the abil-

ity of exosomes to treat BM/subepithelial remodelling and fibrosis,

given that exosomes alone appeared to be more effective in treating

interstitial remodelling and fibrosis, to reduce total lung fibrosis.

Fourth, the current findings build upon on our recent studies (Patel

et al., 2016; Royce et al., 2015, 2016) in demonstrating that, while

targeting airway fibrosis and epithelial damage (rather than airway

inflammation) is key to effectively reducing AHR, that this alone may

not be enough to fully protect from adverse changes in airway reactiv-

ity, and hence, targeting other measures of airway remodelling is

required to fully reverse airway reactivity. This was highlighted by

the fact that while the combined effects of serelaxin with either

25‐μg exosomes or 1 × 106 AECs were able to normalize OVA/NA‐

induced epithelial thickness and subepithelial and total collagen depo-

sition, the combined effects of serelaxin and 25‐μg exosomes were

also able to reduce OVA/NA‐induced airway inflammation, goblet cell
metaplasia, epithelial TGF‐β1 expression and myofibroblast accumula-

tion; and BLM‐induced epithelial damage, interstitial TGF‐β1 expres-

sion, and myofibroblast accumulation to a greater extent than the

combined effects of serelaxin and AECs. As a result, the combined

effects of serelaxin and 25‐μg exosomes were able to normalize

OVA/NA‐induced AHR after 7 days, whereas the combined effects

of serelaxin and AECs only partly reduced AHR, by ~50%.

Finally, the findings from the current study suggest that combining

25‐μg exosomes with serelaxin may represent a stand‐alone means of

treating the 5–10% of asthmatics that are resistant to corticosteroid

therapy (Fleming, Wilson, & Bush, 2007; Hetherington & Heaney,

2015). As corticosteroids, a current anti‐inflammatory asthma medica-

tion, can be slow acting and induce several side effects when chroni-

cally administered, particularly at high doses (Dahl, 2006), lower doses

of corticosteroids may be combined with exosomes and serelaxin to

treat the three central components of asthma without causing any of

the side effects associated with higher concentrations of corticosteroid

use alone. The same could be applied to pirfenidone for the treatment

of pulmonary fibrosis, as pirfenidone primarily targets interstitial fibro-

sis (Figure 3b) and can also be associated with several side effects when

therapeutically administered (Jiang et al., 2012). As AECs (Lim, Hodge,

Moore, Wallace, & Sievert, 2017), exosomes (ClinicalTrials.gov Identi-

fier NCT02138331; NCT03384433), and serelaxin (Teerlink et al.,

2013) have separately been evaluated in clinical trials, novel

strategies incorporating this combination therapy can be fast‐tracked

for human trials.

In conclusion, the present study demonstrates for the first time,

the ability of the anti‐fibrotic and organ‐protective drug, serelaxin, to

enhance some of the therapeutic effects of exosomes. Combining

serelaxin with 25‐μg exosomes offered the broader protection from

airway/lung inflammation, remodelling, fibrosis, and related dysfunc-

tion over the effects of each treatment alone, the combined effects

of serelaxin and 1 × 106 AECs or pirfenidone. Particularly noteworthy

was the finding that serelaxin augmented the ability of exosomes to

reduce BM fibrosis, which contributed to a greater ability of the com-

bination therapy to reduce overall fibrosis. Although further studies

are warranted to evaluate the mechanisms by which this combination

therapy mediates its tissue‐protective effects and address some of the

limitations of this study in that (a) the exact composition of the

exosomes used was not fully characterized, (b) the migration of

exosomes post‐intranasal delivery was not tracked nor was it

determined, and (c) how many exosomes were present in the

airways/lung post‐administration, our findings clearly demonstrated

that the combined effects of serelaxin and exosomes may represent

a novel and rapidly effective approach to treating fibrosis‐related dis-

orders which are significant health burdens and contributors to sub-

stantial morbidity and mortality.
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